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Abstract Introduction 
It has been hypothesized that part of the hard-to-
cook (HTC) defect in cowpeas is due to decreases in sol-
ubilit y and thermal stability of intracellular proteins 
during storage since coagulated proteins would limit 
water to starch and prevent full swelling during cooking. 
To verify this hypothesis, effects of soaking and heating 
temperature on texture, water absorption, protein water 
extractability and microstructure of control and HTC 
cowpea seeds (aged or treated) were studied. Scanning 
electron microscopy showed no structural difference be-
tween dry control and dry aged seeds. However, after 
soaking, in contrast to the control, aged seeds exhibited 
a coarse protein matrix with tightly embedded starch 
granules and res istance to fracture. Treated seeds also 
showed ti ght embedment of starch granules. This indi -
cates that storage proteins had coagulated or aggregated 
during aging or treatments , as evidenced also by ve ry 
low extractability. Un like 60 °C, heating at 85 °C dra-
maticall y decreased protein extractability and led starch 
granules to swell partially in con trol seeds and little in 
HTC seeds. When cooked (IOO ' C), HTC seeds showed 
lack of cell separation and restricted starch swelling, all 
of which were in sharp contrast with the control. Re-
sults not only verified the aforementioned hypothesis but 
also reaffirmed the role of cell middle lamella, implying 
involvements of multiple mechanisms in bean hardening. 
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A major problem associated with consumption of 
certain legumes is a storage-induced textural defect , 
common ly referred to as the hard-to-cook (HTC) phe-
nomenon (El-Tabey Shehata, 1992). Many studies on 
legume cookability using electron microscopy have re-
vealed that seed cookability is determined by the rate of 
cell separation (Rockland and Jones, 1974; Sefa- Dedeh 
et al., 1978 , 1979; Varriano-Marston and Jackson , 
1981 ; Jones and Boulter, 1983; Aguilera and Steinsapir, 
1985 ; Hincks eta/., 1987; Carabez-Trejo eta /. , 1989; 
Shomer eta/., 1990) and degree of starch gelatinization 
(Hahn et a/. , 1977; Varriano-Marston and Jackson , 
1981; Aguilera and Steinsapir, 1985; Hincks et a/. , 
1987) during cooking. Lack of cell separation in cooked 
HTC seeds has been widely attributed to pectin insolu-
bilization in the middle lamella via cation binding 
(Rockland and Jones, 1974; Sefa-Dedeh et a/., 1979 ; 
Carabez-Trejo eta/., 1989; Shomer eta/. , 1990), in ac-
cordance with the postulated pectin-cation-phytate mech-
an ism (Mattson , 1946) , whereas restricted sta rch gelatin-
ization in cooked HTC seeds was given little explanation 
(Hahn eta/., 1977; Hincks eta/., 1987). 
Recently, based on observed deterioration of 
protein functionality during cowpea storage, Liu eta/. 
(1992) postulated a theoretical explanation for the char-
acteristic behavior of starch in cooked HTC seeds. It is 
held that part of the HTC defect results from decreased 
protein solubility and thermal stability during storage 
and that coagulated or aggregated intracellular proteins 
function as a physical and water-restricting barrier 
which traps starch granules and prevents full swelling 
during cooki ng. 
The objective of the present study was to verify 
our postulated mechanism of HTC defect (Liu et a/. , 
1992). Changes in seed texture , water absorption, pro-
tein water extractability, and microstructure of cotyledon 
cells were monitored after soaking and heating at differ-
ent temperatures. Comparison was made between con-
trol soft and HTC seeds which were obtained either by 
adverse storage (aged seeds) or by treatments of hydrat-
ing-freezing-thawing followed by calcium soaking 
(treated seeds) (Liu eta/., 1993). 
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Figure 1. Texture of cowpea seeds as a function of 
heating temperature. Heating time was 30 minutes. A: 
change in hardness; B: change in percentage. 
Materials and Methods 
Cowpeas and HTC defect inducement 
Cowpeas (Vigna unguiculara, cv. California 
Blackeye pea No . S) were purchased from Kerman 
Warehouse (Kerman, CA). The recently harvested, dry 
seeds (1 1.4% moisture) were kept in a closed plastic 
container at - I8 °C until used and referred to as control 
seeds. 
Aged HTC seeds were obtained by storing a por-
tion of the recently harvested seeds in another closed 
plastic container at 30°C, 64% relative humidity obtain-
ed by a saturated sodium nitrite solution in side the con-
tainer. After one year, seeds were kept at -l8°C. 
Treated HTC seeds were obtained by subjecting a por-
tion of control seeds to the procedure described by Li u 
eta/. (1993). Briefly, 20 grams of control seeds (wrap-
ped in cheesecloth) were first hydrated at room tempera-
ture for 4 hours. The hydrated seeds were frozen at 
-l8°C overnight and thawed at room temperature for 4 
hours . The frozen-thawed seeds were soaked in ISO ml 
of 0.1 N CaCl2 solution at room temperature for 3 
hours. Seeds were washed with water several times be-
fore heating, these will be referred to as treated seeds. 
For each type of seed: control , aged, or treated, dupli -
cate samples were prepared. 
Soaking and beating 
Control or aged seeds (20 grams of dry seeds) 
were wrapped in cheesecloth and soaked in water at 
room temperature for 4 hours prior to heating. Treated 
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seeds were exempted from soaking . Heating was done 
in water preheated to different temperatures (60, 85 and 
1 00 °C) in a beaker covered with a watch glass on a hot 
plate for 30 minutes. Heating was terminated by trans-
ferring the seeds into an ice bath. 
Water absorption 
Following soaking or heating, seeds were drai ned , 
blot-dried, weighed and kept for textural measurement. 
Water absorption was expressed as the percentage of 
water absorbed on a dry weight basis (dwt). 
Seed texture 
An Instron Universal Testing Machine (Model 
1122, lnstron , Inc., Canton, MA) , with a 500 kg load 
cell was used. A Kramer shear compression test cell 
(Model 2830-0 18) was filled with all of the soaked or 
heated seeds (20 g dry) removed from the cheesecloth 
wrapping. Test was done at a cross-head speed of 50 
mm/ min. Maximum fo rce (N) was determined from 
peak height of the force-deformation curve. Hardness 
was expressed as N/g dry sample . 
Protein water extractability 
Six grams of dry control or aged seeds were 
wrapped in cheesecloth and soaked in ISO ml water for 
4 hours. Treated seeds were exempted from soaking. 
Seeds were heated in the same liquor (except for treated 
seeds for which fresh water was used) at 60, 85 and 
l00°C for 30 minutes. Contents were cooled in an ice-
bath and adjusted to a final volume of ISO ml before 
blending in an Oster blender (Osterizer Galaxie) at high 
speed in a cool room for a total of 4 minutes, inter-
spersed by 3 cooling periods (each of I minute). The 
slurry was centrifuged at 9 ,800 X g fo r IS minutes. The 
supernatant was saved. Protein extractability was ex-
pressed as percentage of "Bio-Rad protein" (Bio-Rad 
Laboratories , Hercules, CA) in the extract versus total 
Kjeldahl protein of dry seed (Liu eta /. , 1992). 
SEM specimen preparation 
Pieces of cotyledon (ca. 2 mm3) were fixed for 3 
or 18 hours in 2% glutaraldehyde solut ion in 0.1 M 
phosphate buffer (pH 7.2) below 4•c. Seeds were 
washed with the buffer before dehydration in a graded 
alcohol series (30, 40, 50, 60, 75, 90 and 100%), liquid 
nitrogen fractured or sliced, critical point dried, 
mounted on stubs and coated with 40 nm gold. Speci-
mens were observed in a Philips scanning electron 
microscope (SEM) operated at an acceleration voltage of 
20 kV. For each treatment combination , duplicate spec i-
mens were prepared. Selected micrographs were taken 
after viewing several fields . For dry seeds, cotyledons 
were simply fractured by a razor blade and mounted on 
stubs. 
Results 
Texture 
At the raw soaked stage (25 °C) , all seeds had 
similar hardness. However, as heating temperature in-
creased, differences existed (Fig. 1). Below 8S°C, con-
Microstructure of soft and hard-to-cook cowpeas. 
trol seeds showed a 16 % decrease in hardness , whereas 
aged seeds exhibited an 18 % increase. Treated seeds ex-
hibited an overall decrease in hardness following a fluc-
tuation. At l00°C, a dramatic reduction in seed hard-
ness was observed in all seed samples with control seeds 
being softest, aged hardest and treated seeds inter-
mediate. 
Water absorption 
Aged seeds absorbed much less water than control 
seeds following heating at any temperature (Fig. 2). 
Treated seeds absorbed a similar amount of water as the 
control at 2s•c (soaking) but decreased after 6o·c heat-
ing . All seeds exhibited a noticeable increase in water 
absorption at 85°C and a dramatic increase at IOOoc. 
Protein water extractability 
All three, the adverse storage, treatments , and 
thermal stress, affected water extraction of proteins 
(Fig. 3). In control seeds, at the soaked stage, about 
78% of total protein was extracted. After 1 hour heating 
at 60 °C, protein extraction decreased slightly and then 
dropped dramatically, and reached the lowest level 
following 85 °C heating. To contrast, aged seeds showed 
an initial very low protein extraction (12%). Further 
reduction was observed with 60°C heating. Above this 
temperature , the value remained constant. Treated seeds 
also showed an initial low value of protein extractability 
which decreased more on heating than that of aged 
seeds. 
Scanning electron microscopy 
Dry seeds: There was no observable difference 
in microstruct ure between control and aged dry seeds 
(Figs. 4a, b). Cotyledon cell s were densel y packed and 
contained starch granules($) which appeared rough and 
tightl y embedded in an amorphous protein matrix (PM). 
The majority of cell s ranged in length and width from 
80-120 ~m and 50-90 ~m respectively. The majority of 
starch granules ranged in length and width from 12-22 
J.Lm and 10-18 J.Lffi respectively. 
Soaked seeds: Soaking resulted in some noticea-
ble changes in seed mi crostructure (Fig. 5). Starch 
granules became smoother and cell walls (CW) were 
well defined. Soaking also resulted in differences 
between control and aged seeds. Control seeds showed 
a smooth protein matrix loosely embedding starch gran-
ules (Fig. 5a). Close examination reveals protein bodies 
(PB) just beneath the surface of the matrix, with the ma-
jority sizing about 2 J.Lm in diameter. In contrast, aged 
seeds exhibited a coarse protein matrix tightly envelop-
ing starch granules (Fig. 5b) . In some cotyledon cells, 
protein bodies and starch granules were packed so tight-
ly that a separation at the exterior of the cytoplasm oc-
curred during fracturing. As a result, the interior of the 
intracellular material was no longer visible. 
The effect of fixation time during specimen prepa-
ration for SEM was also studied. When the cotyledon 
from the soaked control seed was fixed for 18 instead of 
3 hours, the micrograph (Fig. 6) shows well-defined 
protein bodies as well as debris. Apparently 18 hour 
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Figure 2. Water absorption of cowpea seeds as a 
function of heating temperature. Heating time was 30 
minutes. 
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Figure 3. Protein water extractability from cowpea 
seeds as a function of heating temperature. Heating time 
was 30 minutes. 
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fixation led to serious artifacts, as compared with Fig. 
Sa, possibly due to degradation of intercellular compo-
nents. Therefore, 3 hour fixation was employed 
throughout the study. 
Raw treated seeds: Freeze-thawing hydrated 
control seeds resulted in a more loosened intercellular 
structure (Fig. 7a) than soaked control seeds (Fig. 5a). 
Protein bodies appeared disintegrated. Calcium soaking 
of the frozen-thawed seeds "tightened" the intercellular 
texture (Fig. 7b). Cells were packed together more 
tightly than in aged seeds (Fig. 5b). Starch granules 
were embedded tightly in a protein matrix which ap-
peared smoother than that of control seeds (Fig. Sa). 
Seeds heated at 60°C: Compared to the raw 
soaked or raw treated stage (Figs. 5a, 5b and 7b) , there 
was little change in the overall cell structure of all three 
groups of seeds after heating at 60 ' C (Fig. 8). 
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Figures 4-11. Scanning electron mic rographs. Sym-
bols: PM = protein matrix; CW =cell wall; S = starch 
granule; ML = cell middle lamella ; PB = protein body. 
l::i2!!: All micrographs are at the same magnification; 
see bar in Fig . 4a . 
Figures 4 and 5. Cotyledons from dry (Fig. 4) and 
soaked (Fig. 5) control (Fig . 4a, Sa) and aged (Fig. 4b, 
Sb) cowpeas. Bar = 10 I'm. 
Figure 6. Cotyledon of soaked control cowpeas with 18 
hour fixation during SEM sample preparation. 
Seeds heated at 85 'C: Heating at 85 ' C resulted 
in a pronounced change in seed microstructure (Fig. 9) 
as compared with soaking (Fig. 5) and treatment (Fig. 
7b) . In control seeds, starch granules were partially 
swollen, and the protein matrix changed from the origi· 
nal smooth to a non·smooth textu re (Fig. 9a). Tn aged 
seeds, starch granules swelled little and the protein ma-
trix changed from the original coarse to a smooth texture 
(Fig . 9b). Treated seeds showed an intermediate pattern 
between control and aged seed (Fig. 9c) . 
Seeds heated at IOO ' C: The most dramatic dif-
ference in seed microstructure occurred with 100°C 
heating (cooking) (Fig. 10). In control seeds, cells sepa-
rated well from each other and fracture occurred at the 
cell wall area, leaving the interior less visible (Fig. 
lOa). In HTC aged or treated seeds , cells were not well 
separated and starch granules did not swell fully (Figs. 
lOb, c). 
Microstructure of soft and hard-to-cook cowpeas. 
Figure 7. Cotyledons of treated control cowpeas: (a) 
hydrated and frozen -thawed , and (b) hydrated , frozen -
thawed and calcium-soaked. 
Since microstructure of fractured areas of cooked 
seeds tended to show the cell exterior rather than the in-
terior , particularly of cooked control seeds , sliced sec-
tions were also observed under SEM. The correspond-
ing micrograms clearly show fully-swollen or gelatinized 
starch granules (GS) in control seeds (Fig. II a) and par-
tially-swollen in aged seeds (Fig. lib). Lack of cell 
separation in aged seeds was also apparent. 
Discussion 
According to the study of Liu et al. (1992), dur-
ing adverse storage the gelatinization temperature uf 
cowpea starch remains constant at the range of 64-74 °C , 
whereas protein solubility and thermal stability decrease. 
As a result, the temperature at which storage proteins 
begin to coagulate decreases from higher than the starch 
gelatinization temperature in control seeds to lower than 
the gelatinization temperature in aged seeds. It is this 
change on which the newly postulated HTC mechanism 
is based. According to the theory, part of seed hardness 
is dependent on a competition for water between protein 
coagulation and starch swelling during heating. If coag-
ulation prevails, coagulated protein, which can be visu-
alized as a physical and water-restricting barrier similar 
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Figure 8. Cotyledons of cowpeas heated at 60 'C for 30 
minutes: (a) control, (b) aged, and (c) treated. 
to coagulated egg white , will prevent starch from fully 
swelling. This results in the HTC defect. If starch gela-
tinization prevails , protein coagulated thereafter can no 
longer prevent starch from swelling. Seeds will be 
"soft-to-cook". The predominant reaction is dependent 
on both protein properties and heating temperature. 
This mechanism is very similar to that associated with 
pasta cooking quality (Pagani et al., 1986) , although 
physiologically pasta and legume seeds are non-compara-
ble. 
In this study, we carefully chose four different 
heating temperatures (25, 60, 85 and IOO 'C). Each has 
K. Liu, Y.-C . Hung, and R.D. Phillips 
Figure 9. Cotyledons of cowpeas heated at 85°C for 30 
minutes: (a) control, (b) aged, and (c) treated. 
a unique effect: 25 °C is a normal soaking temperature, 
60 °C is just below starch gelatinization range while 
85 °C is just beyond the range, and 100°C is a normal 
cooking temperature. We also used three types of seeds: 
control , aged and treated , each having storage proteins 
with unique properties. We did not study the effect of 
heating time because starch expansion is dependent 
largely on the medium temperature and independent of 
the heating time (Hahn eta/., 1977). 
Results show that almost all micrographs of con-
trol , aged or treated seeds following heating at each of 
the four chosen temperatures (Figs. 4- 11) exhibit expect-
ed cotyledon microstructure according to the postulated 
56 
Figure 10. Fractured cross-sections of cotyledons from 
cowpeas heated at 100°C for 30 minutes: (a) control, (b) 
aged, and (c) treated. 
theory . Furthermore, the observed changes in texture, 
water absorption and protein water extractability (Figs. 
1-3) provided additional evidence to support the theory. 
To make these statements more comprehensible, the fol-
lowing aspects are worthy of detailed discussion . 
1) Just before heating , proteins in seeds are at 
their natural state, depending on storage history or treat-
ments. Since the characteristics of storage proteins are 
dependent upon water , there was little difference in mi-
crostructure between dry control and dry aged seeds 
(Fig. 4). Only upon soaking did the protein character-
istics distinguish themselves among seeds. The coarse 
Microstructure of soft and hard-to-cook cowpeas. 
Figure 11. Sliced cross-sections of cotyledons from 
cowpeas heated at too oc for 30 minutes: (a) control , 
and (b) aged. GS = gelatinized starch. 
protein matrix tightly embedding starch granules ob-
served in aged seeds (Fig. 5b) and treated seeds (Fig . 
7b) appears to be coagulated proteins, corresponding to 
low water absorption (Fig. 2) and low protein extraction 
(Fig. 3). In other words, 12-month storage at 30 °C/ 
64% RH or the treatment of hydrating-freezing-thawing 
and calcium-soaking had caused the majority of storage 
proteins to coagulate or aggregate. Agbo eta/. (1987) 
found that a cultivar which absorbed less water showed 
smaller starch granules more tightly enveloped by the 
protein matrix during imbibition. Unfortunately, they 
did not examine the cultivar for protein functionality. 
2) Little change in starch granules observed in all 
seeds soaked and heated at 60°C (Fig. 8) can be attribut-
ed to the fact that this temperature was below that of 
starch gelatinization. 
3) When seeds were heated at 85 °C, a tempera-
ture higher than that of starch gelatinization, the majori-
ty of proteins coagulated in all seeds (Fig. 3). However , 
there was a fundamental difference: protein coagulation 
in control seeds was thermally induced during heating 
whereas that in HTC seeds was mainly storage or treat-
ment-induced prior to heating. It was this difference in 
protein coagulation plus the difference in temperature 
between heating and starch gelatinization that made 
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starch behave differently in control and HTC seeds (Fig. 
9): in control seeds, starch swelling outperformed pro-
tein coagulation whereas in aged seeds , the opposite phe-
nomenon occurred. The concomitant change in protein 
matrix appearance (Fig . 9) is consistent with thermal co-
agulation in control seeds and with enhanced hydration 
in aged seeds at this elevated temperature. 
4) When seeds were heated at 100°C (cooked) , 
high thermal stress allowed starch granules to swell fully 
in control seeds (Fig. lla) . However, in hardened 
seeds, although heat stress apparently weakened the 
water-restricting barrier of coagulated proteins and al-
lowed starch to absorb more water (Fig. 2), starch gran-
ules could not swell fully (Figs. lOb , JOe and lib). 
5) Comparison of Figs. I and 2 shows that only 
at a temperature above 60oC, the temperature at which 
starch granules are ready to swell, did the amount of 
water absorbed affect seed texture. Since water absorp-
tion by a seed results mainly from hydration of starch , 
a major component of a cell , this observation suggests 
an important relationship between starch hydration and 
the HTC defect. In contrast , comparison of Figs. I and 
3 reveals that protein extractability had no direct relation 
to seed hardness. Apparently , protein influences seed 
texture only by affecting starch hydration behavior. 
The intracellular change in seed cotyledons asso-
ciated with heating has been studied previously. Hahn 
eta/. (1977) found that dilation and protrusion of starch 
granules in lima beans were impeded during heating and 
attributed them to restriction imposed by intact cell 
walls. Hincks e/ a/. (1987) observed lack of cell separa-
tion and restricted starch gelatinization in cooked HTC 
black beans and attributed restriction of starch swelling 
to reduced water absorption which they assumed to re-
sult from lack of cell separation. In other words , the 
two direct causes of the HTC defect operate via the same 
mechanism. It may be true that physical restriction by 
cell walls is responsible for impeded starch gelatiniza-
tion during cooking, but results of the present study 
strongly suggest that a physical and water-restricting 
barrier made of coagulated proteins is also responsible. 
Structural changes of control , aged or treated 
HTC seeds with soaking and heating temperature have 
also been studied previously (Sefa-Dedeh eta/. , 1978; 
1979; Varriano-Marston and Jackson, 1981 ; Aguilera 
and Steinsapir, 1985; Carabez-Trejo et a/., 1989). 
However, there are discrepancies among these studies 
concerning structural differences after soaking and/or 
heating. Yet, careful comparison reveals that those us-
ing no or short-time fixation for SEM specimens showed 
similar micrographs (Varriano-Marston and Jackson, 
1981; Aguilera and Steinsapir, 1985; and this study), 
whereas those employing prolonged fixation gave similar 
micrographs (Sefa-Dedeh eta/., 1978; 1979; Carabez-
Trejo eta/., 1989; Fig. 6 of this study). In addition , 
discrepancies in observed cooked seed structure between 
studies may be attributed to the way SEM specimens are 
sectioned; unlike those of raw seeds, cells of cooked 
seeds separated readily along the surface of cell walls 
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(Rockland and Jones , 1974; Fig. 10 of this study) . As 
a result , to be able to observe the cell interior , one 
needs to slice the cooked bean specimen (Fig. 11) in-
stead of fracturing it. Thus , the discrepancies observed 
in microstructure of control , aged and treated seeds in 
reported studies is mainly due to different methods used 
in preparing SEM specimens. 
In conclusion, results of the present study not 
only confirmed our earlier theory that intracellular pro-
teins in legumes affect starch behavior during cooking 
which in turn leads to the HTC defect, but also reaffirm-
ed the role of cell middle lamella in bean hardening. 
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Discussion with Reviewers 
E . Variano-Marston: Are you sure that your SEM 
preparation techniques did not produce artifacts in 
soaked and heated beans? You say in that an 18 hour 
fixation (Fig. 6) caused artifacts while a 3 hour fixation 
did not. 
W.J. Wolf: It is hard to tell whether you have artifacts 
when you do not have a reference point where you know 
you have no artifacts. How do you know that 3 hour 
fixation is not an artifact too? 
Authors: For SEM the common rule is that the best re-
sult comes from those with least sample prepara ti on. 
E. Variano-Marston: How do you explain that between 
25 and 80 °C the control and treated beans had similar 
water absorption and hardness characteristics , yet the 
protein extractability for treated beans was substantially 
lower than the control at 25 -60 °C? If water absorption 
is key in hydrating protein and carbohydrates and pre-
venting hard-to-cook phenomena, how do you explain 
the apparent discrepancy? 
Authors: As detailed under "Discussion", our hypothe-
sis is that one of the major factors leading to seed soft-
ening during cooking is starch gelatinization and that 
protein affects seed hardness only by influencing starch 
hydration and gelatinization. 
E. Variano-Marston: There are no proper controls in 
the experiments. Since it takes longer for HTC beans to 
hydrate and cook than controls, you can not soak or heat 
to the same time periods. The beans should have been 
hydrated to the same water absorpt ion levels before pro-
tein extraction and SEM work were done. Only then can 
appropriate compari sons be made. 
Authors : An experiment can be designed in two ways. 
One is to follow the design as the reviewer suggested , 
but it lacks controls of soaking and heating time. The 
other is to fix the soaking and cooking time. We felt the 
second option was more appropriate for our study . 
